TFE3 is a DNA-binding protein that activates transcription through the ixE3 site of the immunoglobulin heavy-chain enhancer. Its amino acid sequence reveals two putative protein dimerization motifs: a helix-loop-helix (HLH) and an adjacent leucine zipper. We show here that both of these motifs are necessary for TFE3 to homodimerize and to bind DNA in vitro. Using a dominant negative TFE3 mutant, we also demonstrate that both the HLH and the leucine zipper motifs are necessary and sufficient for protein-protein interactions in vivo. TFE3 is unable to form stable heterodimers with a variety of other HLH proteins, including USF, a protein that is structurally similar to TFE3 and binds a common DNA sequence. The analysis of "zipper swap" proteins in which the TFE3 HLH was fused to the leucine zipper region of USF indicates that dimerization specificity is mediated entirely by the identity of the leucine zipper and its position relative to the HLH. Hence, in this "b-HLH-zip" class of proteins, the leucine zipper functions in concert with the HLH both to stabilize protein-protein interactions and to establish dimerization specificity.
Many eukaryotic transcription factors have been shown to bind DNA as dimers or heterodimers (for review, see Johnson and McKnight 1989) . Two motifs that facilitate these protein-protein interactions have been defined thus far: the leucine zipper (Landschulz et al. 1988 ) and the helix-loop-helix (HLH; Murre et al. 1989a ). Although distinct, each of these motifs is thought to mediate quaternary interactions through the hydrophobic faces of amphipathic c~-helices. For the case of the leucine zipper, an example of a coiled coil (O'Shea et al. 1989; Rasmussen et al. 1991) , the hydrophobic face is defined in part by several leucine residues spaced every seventh amino acid (Hu et al. 1990a and references therein). The HLH is thought to be comprised of two amphipathic helices separated by a loop of variable length and sequence. The leucine zipper and HLH motifs are generally situated adjacent to stretches of basic amino acids that are also required for DNA binding but not for protein-protein interactions (Benezra et al. 1990; Davis et al. 1990; Voronova and Baltimore 1990) . Proteins that possess these motifs together are often referred to as b-zip and b-HLH proteins, respectively. Evidence favors a "scissors grip" model or an induced helical fork model for the binding of b-zip protein dimers to DNA (Vinson et al. 1989; O'Neil et al. 1990) , which results in a net increase in the a-helical content of the proteins (O'Neil et al. 1990; Patel et al. 1990; Talanian et al. 1990; Weiss et al. 1990 ). Although they are conceptually analogous to b-zip proteins, little is known concerning the precise structure of b-HLH proteins or how they bind DNA.
An additional, distinct class of proteins is defined by those that possess adjacent HLH and leucine zipper motifs. The leucine zipper in these proteins is generally found immediately carboxy-terminal to helix 2 of the HLH domain (referred to herein as HLH helix 2). Initially exemplified by c-myc, as well as N-myc and L-myc, members of this class of "b-HLH-zip" proteins include the mammalian transcription factors TFE3 (Beckmann et al. 1990 ), USF (Gregor et al. 1990) , TFEB (Carr and Sharp 1990) , and AP-4 (Hu et al. 1990b) .
Here, we present a functional analysis of the b-HLHzip region of TFE3, a transcription factor that binds to, and activates transcription through, the immunoglobulin enhancer ~xE3 motif. We show that both the HLH and the leucine zipper of TFE3 are necessary for protein function and that the leucine zipper plays a critical role in defining interaction specificity among this class of HLH proteins.
Results

The TFE3 leucine zipper is required for DNA-binding activity
We synthesized a series of altered TFE3 proteins to assess the contribution of the leucine zipper to the DNAbinding activity of TFE3 in vitro (Fig. la) . 13G-~3 represents the coding sequence of the TFE3 cDNA linked to the 5'-untranslated region of the f~-globin gene (including the ~-globin ATG) and thus represents the intact TFE3 protein. ~G-X3A4, for example, corresponds to a carboxy- Representative mobility-shift assay using in vitro-synthesized TFE3 proteins. Plasmids or DNA fragments encoding the intact and deleted forms of TFE3 indicated were transcribed by T7 RNA polymerase, and RNA products were translated using reticulocyte lysates. Labeled DNA probe carrying a ~E3 site corresponds to IgH enhancer fragment 12. Competitor DNAs consisted of oligonucleotides bearing normal (~tE3) or mutant (tzE3-mut) binding sites. The arrow indicates the position of a weakly shifted complex due to the f3G-h3A5 protein.
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terminal truncation that leaves both the HLH and the leucine zipper intact. [3G-h3A5 is a carboxy-terminal truncation that removes the terminal leucine of the leucine zipper and introduces two amino acid substitutions. When these three proteins were synthesized in vitro, incubated with labeled D N A containing a txE3 site, and the complexes were analyzed using a mobility-shift assay, only f3G-h3 and ~G-K3A4 were found to bind DNA efficiently (Fig. lb) . The I3G-h3A5 protein displayed extremely weak D N A binding, although it was synthesized in comparable amounts to the other two proteins (data not shown). TFE3 proteins that carry additional alterations in and around the terminal leucine were also tested, and the results are summarized in Figure 1 a. Although the terminal leucine itself is not absolutely necessary (see 13G-X3A10), the two charged amino acids immediately preceding it are necessary (these may be involved in the formation of favorable salt bridges; Landschulz et al. 1988) . We conclude that the four leucines adjacent to helix 2 of the HLH define the boundaries of a functional leucine zipper that is required for D N A binding.
Oligomerization properties of TFE3
The DNA-binding form of TFE3 was determined by cotranslating in vitro a full-length (13G-X3) and a shortened version of the protein {13G-h3A6, containing only the b-HLH-zip region; see Materials and methods} and examining the DNA-binding products with a mobilityshift assay. As shown in Figure 2a , cotranslation of the two forms uniquely produces a shifted complex of intermediate mobility [lane 4), consistent with its identity as a heterodimer made up of the short and long versions of the protein. When the proteins were translated separately and mixed and incubated without D N A for up to 1 hr at room temperature, no heterodimers were formed [data not shown}. These results suggest that TFE3 dimers are very stable and do not exchange rapidly, and contrast the findings obtained with the b-zip protein C/EBP {Shu-man et al. 1990). Although deletions extending beyond the carboxy-terminal leucine of the TFE3 leucine zipper destroy DNA binding, we investigated the possibility that these mutant proteins may be able to form heterodimers with an intact TFE3 polypeptide in the presence of DNA. Cotranslation of intact TFE3 (f~G-h3) and the leucine zipper mutant (6G-X3A5) did not result in the formation of any DNA-bound complexes other than those seen with translation of intact TFE3 alone (data not shown). Hence, both partners of the TFE3 dimer must possess a functional leucine zipper.
Glutaraldehyde cross-linking of in vitro-translated TFE3 was carried out to further examine the relationship Figure 2b , treatment of [3G-~3a6 with glutaraldehyde resulted in the appearance of an additional protein species that migrated at a position expected of the protein dimer (lanes 2-5). No higher molecular weight species were observed with increasing concentrations of glutaraldehyde ( Fig. 2b and data not shown). Treatment of in vitrotranslated f~G-K3A8, a form of TFE3 that lacks the entire leucine zipper (see Materials and methods), with similar ( Fig. 2b , lanes 7-10) or higher (data not shown) concentrations of glutaraldehyde, failed to reveal the existence of protein dimers. Hence, the leucine zipper of TFE3 is required both for D N A binding and for dimerization in solution.
Both the HLH and zipper motifs are necessary and sufficient for protein-protein interactions in vivo
We have previously mapped a major transcription activation domain within TFE3 by testing the ability of fusion proteins containing the first 147 amino acids of yeast GAL4 to activate m i n i m a l promoters containing GAL4-binding sites (Beckmann et al. 1990) . We noted at the time of those studies that m a n y proteins capable of stimulating transcription from GAL4-minimal promoters were unable to activate ~E3-minimal promoters, although they possessed their HLH regions intact. Presumably, these proteins assumed a conformation that prevented them from binding a ~E3 motif in vivo. Remarkably, however, in cotransfection assays, those same GAL4 : TFE3 fusion proteins were found to inhibit the stimulatory activity of intact TFE3 mediated through a cognate ~E3 site (see below). Repression in such an assay is likely due to the formation of functionally inactive heterodimers made up of GAL4 : TFE3 fusion proteins and intact TFE3. This interpretation is formally analogous to that made with dominant-negative mutants of CREB, jun, and c-myc (Dang et al. 1989; Smeal et al. 1989; Dwarki et al. 1990) , where heterodimer-mediated inhibition has also been demonstrated. We therefore made use of our experimental observation to map the regions of the TFE3 protein that mediate trans-dominant repression in vivo when linked to GAL4.
The effects of various GAL4 : TFE3 fusion proteins on the activity of intact TFE3 are shown in Figure 3 . When a plasmid expressing intact TFE3 was cotransfected into NIH/3T3 cells with a CAT reporter plasmid, using a minimal promoter carrying ~E3 sites, high levels of CATase activity were obtained ( Fig. 3 ; 0 ~g competitor). This activity was unaffected by cotransfecting additional plasmids that expressed GAL4 sequences alone (GAL41_ 147). However, cotransfection of any plasmid that expressed GAL4 linked to both the HLH and the leucine zipper motifs of TFE3 (e.g., GAL4K3A6, GAL4X3A1, and GAL4h3A4) was sufficient to repress completely TFE3-mediated CATase activity. Fusion proteins that carry deletions of the terminal leucine of the zipper (GAL4X3-A5) or of the HLH (GAL4X3-A7) failed to repress. These results indicate that trans-dominant repression requires, in addition to GAL4 sequences, both the HLH and the leucine zipper motifs of TFE3. We conclude that repression is due to the formation of inactive heterodimers and, hence, that both the HLH and the leucine zipper are necessary and sufficient for interactions of TFE3 monomers in vivo.
The leucine zipper dictates dimerization specificity
We have shown previously that TFE3 binds to the USFbinding site within the adenovirus major late promoter (Beckmann et al. 1990 ; the ~E3 and USF sites are identical at 10 of 11 positions). A cDNA encoding USF has recently been isolated, and the predicted amino acid sequence indicates that it is highly related to TFE3 (Gregor et al. 1990 ). As with TFE3, USF has a leucine zipper situated carboxy-terminal to its HLH domain. Given the similar structure and DNA-binding specificity of the two proteins, we sought to determine whether they could form heterodimers. Accordingly, TFE3 and USF cDNAs were transcribed and translated in vitro and the resulting ~E3-binding activities were analyzed by a mobility-shift assay. As shown in Figure 4b , a short version of USF (containing amino acids 181-310) expressed alone was able to bind the ~E3 element (lane 7 (Henthorn et al. 1990a, b) , and of TFE3 with Id, a HLH protein that interacts with a variety of b-HLH proteins, including myoD, El2, and E47 (Benezra et al. 1990 ; M. Kiledjian, R. Benezra, P. Zwollo, S.M. Dymecki, S.V. Desiderio, and T. Kadesch, in prep.). We conclude that TFE3 does not promiscuously heterodimerize with other HLH proteins. Because TFE3 and USF both contain leucine zippers, we sought to explore the generality of the hypothesis suggested by Tjian and co-workers (on the basis of their work with AP4; Hu et al. 1990b ) that HLH-proximal leucine zippers function to dictate heterodimer specificity. We therefore performed a series of "zipper swap" experiments with TFE3 and USF. Initially, we synthesized a hybrid protein, designated [3G-X3 : USF-1, that contains the b-HLH of TFE3 fused to the leucine zipper region of USF (the crossover was made at the last leucine in HLH helix 2 such that all residues amino-proximal are from TFE3 and those carboxy-proximal, including the leucine zipper, are from USF; Fig. 4a ). As shown in Figure  4b (lanes 10-14) , 6G-h3 : USF-1 has the ability to bind a ~E3 oligonucleotide as an apparent homodimer (lane 12). When this hybrid protein was cotranslated with a truncated version of TFE3 ([3G-K3&6; lane 11), no complexes of intermediate mobility were seen, suggesting that the USF leucine zipper region prevents dimerization with TFE3. However, when ~G-K3 : USF-1 was cotranslated with a truncated version of USF (USF181_31o; lane 13), a complex of intermediate mobility was observed, indicating the formation of heterodimers. Hence, dimerization specificity is dictated by the identity of the leucine zipper region and not by the HLH.
We considered the possibility that heterodimer formation between USF and TFE3 may be prevented simply by the different positions of their leucine zippers relative to HLH helix 2. Four of the b-HLH-zip proteins characterized thus far have a distinct spacing between the last conserved amino acid of HLH helix 2 and the first leucine of their leucine zippers (see Fig. 6, below) . Interest- ingly, the positions of the leucine zippers differ by what may be integral numbers of a-helical turns. These regions are predicted to be extended a-helices (Chou and Fassman 1974) , and this suggests that the hydrophobic surface of HLH helix 2 gradually precesses around the a-helix to link up with the hydrophobic surfaces of the leucine zipper. Compared with TFE3, the USF leucine zipper begins 7 amino acids (two helical turns) farther away from HLH helix 2 and, hence, it may be difficult to align simultaneously both motifs in a heterodimer (i.e., in a TFE3/USF heterodimer or in a TFE3/J3G-X3 : USF-1 heterodimer, the USF amino acids that separate HLH helix 2 from the leucine zipper would have to loop out).
To test the importance of the spacing between HLH helix 2 and the leucine zipper, we synthesized an additional zipper swap protein, designated TFE3 : USF-2 (Fig.  4a) , which precisely replaces the TFE3 leucine zipper with that of USF, such that the distance between the leucine zipper and the HLH helix 2 in the hybrid protein is the same as that found in TFE3 (the crossover was made at the first leucine of the respective leucine zippers of the two proteins). Although this hybrid protein was able to bind DNA as a homodimer {Fig. 4b, lanes 17 and 19; note also that cotranslation of short and long versions of TFE3 : USF-2 gave rise to intermediate complexes, lane 18), indicating that the leucine zipper was functioning, it was not able to form heterodimers with either TFE3 ([SG-X3A6; lane 21) or USF (data not shown). Hence, the respective leucine zippers of USF and TFE3, even when similarly aligned, are unable to function with one another to stabilize HLH interactions. Similar incompatibilities have been noted for leucine zippers in the b-zip family of proteins (Kouzarides and Ziff 1989) . TFE3 : USF-2 was also unable to heterodimerize with USF {data not shown). Hence, even given compatible leucine zippers, dimer formation requires them to be similarly aligned with respect to HLH helix 2. Preliminary experiments indicate that the particular amino acids between HLH helix 2 and the leucine zipper are not critical for dimer specificity {data not shown). The results of the zipper swap experiments are summarized in Figure 5 .
Discussion
It has been shown recently that, as with TFE3, the transcription factors USF (Gregor et al. 1990 ) and AP-4 (Hu et al. 1990b ) contain both HLH and adjacent leucine zipper motifs. Although it is clear that the leucine zipper plays a role in stabilizing protein-protein interactions mediated by the HLH, the precise roles of these two motifs may be somewhat different for each protein. We find, for example, that the leucine zipper of TFE3 is absolutely required for DNA binding in vitro. Glutaraldehyde crosslinking experiments and in vivo inhibition studies correlate DNA binding with protein dimerization. For the case of USF, the leucine zipper is required for efficient DNA binding of the full-length protein but not of a truncated protein. Hence, for a truncated USF, the HLH is sufficient to establish dimer formation in the presence of DNA. AP-4 has two leucine zippers; one is adjacent to the HLH domain. If both zippers are deleted, the protein is unable to form dimers in solution but is able to bind DNA as a homodimer or as a heterodimer with the b-HLH protein El2 (Hu et al. 1990b) . Hence, for AP-4 and USF, the HLH may be sufficient to mediate protein-protein interactions but only in the presence of DNA. The HLH domain of TFE3, when separated from a functional leucine zipper, is completely incapable of mediating dimer formation, even in the presence of DNA.
HLH and leucine zipper motifs are generally thought to mediate protein-protein interactions through the hydrophobic surfaces of amphipathic oL-helices. Although the leucine zipper of TFE3 can be identified as a distinct protein dimerization motif, we have been unable to separate it functionally from the HLH. Neither motif alone is sufficient for the formation of stable protein-protein interactions when measured either in vitro or in vivo. An examination of HLH helix 2 of TFE3 reveals both quantitative and qualitative differences in its hydrophobic nature compared with the corresponding helices of El2, E47 (E2-5), or E2-2. These latter b-HLH proteins lack, and therefore do not require, the stabilizing effects of adjacent leucine zippers. An examination of the leucine zipper of TFE3 indicates its poor adherence to the threefour rule that defines the hydrophobic "spine" of coiled coils (Hu et al. 1990a, b) . Hence, the relatively poor hydrophobic character of these individual motifs (i.e., helix 2 and the leucine zipper of TFE3) may explain why they must function together. Given the potential influences of nonhydrophobic residues (e.g., in the formation of stabilizing salt bridges), however, the parameters that govern the dimerization tendencies of these particular motifs may not be this straightforward. Unlike a variety of other HLH proteins, such as El2, E47, MyoD, myogenin, Id, and daughterless (Murre et al. 1989b; Benezra et al. 1990 ), TFE3 does not promiscuously heterodimerize. Although this distinction immediately points to a role for the leucine zipper in limiting the array of interactions among HLH proteins, the presence of the leucine zipper does not, by itself, define a separate group of heterodimerizing HLH proteins. This is most clearly exemplified by our finding that TFE3 does not heterodimerize with USF, although both of these proteins contain adjacent HLH and leucine zipper motifs and can bind to a common DNA site. The idea that different leucine zippers specify distinct subsets of proteinprotein interactions is supported by our finding that the TFE3 : USF-1 hybrid protein (containing the TFE3 HLH and the USF leucine zipper region) is able to heterodimerize with USF but not with TFE3.
We have tested two possible explanations for how the leucine zipper region imparts dimerization specificity. One is suggested by the different spacing between HLH helix 2 and the leucine zipper found in the various b-HLH-zip proteins (Fig. 6) . Considering the close proximity of the leucine zipper to helix 2 in these proteins, it is possible that together they comprise an extended a-helix {this is supported by Chou-Fassman predictions). Hence, when compared, the leucine zippers of most of the b-HLH-zip proteins are positioned differently with respect to their HLH helix 2 motifs (i.e., separated by different integral numbers of a-helical turns). Therefore, given this limited (but growing) set of proteins, interactions requiring an optimum alignment of the hydrophobic faces of HLH helix 2 and the leucine zipper would best be obtained with identical protein monomers. Our demonstration that USF does not form heterodimers with TFE3 : USF-2 (in which the USF leucine zipper is placed 7 amino acids closer to TFE3 HLH helix 2) confirms this idea. A second, nonexclusive explanation for the leucine zipper imparting HLH-mediated dimerization specificity is that the leucine zippers themselves may be incompatible. It has been established that b-zip proteins display restricted dimerization specificities due to the particular characteristics of their leucine zippers. Our observation that TFE3 is unable to heterodimerize with TFE3 : USF-2 (in which the TFE3 leucine zipper is replaced exactly with that of USF) confirms that the leucine zippers of TFE3 and USF are incompatible. Hence, both the position and identity of the leucine zippers dictate dimerization specificity in this family of proteins.
Although our results have specifically addressed the behavior of TFE3 and USF, we suspect that the rules governing their dimerization properties would also apply to other b-HLH-zip proteins. It has been shown that the HLH-proximal leucine zipper of AP4 restricts its ability to heterodimerize with other b-HLH proteins such as El2 (Hu et al. 1990b) . We propose classifying b-HLH-zip proteins on the basis of the spacing between HLH helix 2 and the leucine zipper (see Fig. 6 ). Of the known members of this family, TFEB would be grouped with TFE3, L-myc would be grouped with c-myc, and N -m y c would be grouped with AP4. Although this classification scheme may be of some predictive value in identifying possible partners for these proteins, it does not account for leucine zipper incompatibility and, hence, may represent only a useful first step. Moreover, interaction specificities may be further restricted by additional, more conventional leucine zippers within the proteins, such as that described in AP4 (Hu et al. 1990b ).
Materials and m e t h o d s
Plasmids
All plasmids were constructed and manipulated using standard techniques (Maniatis et al. 1982; Ausubel et al. 1987} . Plasmids expressing the GAL4 : TFE3 fusion proteins GAL4k3-A1 and GAL4k3-A2 have been described previously IBeckmann et al. 1990J. The plasmid expressing GAL4h3-A4 was generated by inserting an EcoRI-RsaI fragment from the h3 cDNA into pGAL4t_I4 z (Lillie and Green 1989) cut with EcoRI and SmaI. The GAL4h3-A5 expression plasmid was constructed by inserting an EcoRI fragment from the h3 cDNA into pGAL41_t4 z cut with EcoRI. The plasmid expressing GAL4h3-A6 was generated by inserting a BglII-RsaI fragment from the h3 eDNA between the BamHI and SmaI sites of Ga141_147. The plasmid expressing GAL4K3-A7 was constructed by replacing a BgllI-StuI fragment containing the k3 eDNA of GAL4h3-A4 with a BamHI-StuI synthetic polylinker (see below). Plasmid T7~G-h3A4 was constructed by replacing a BglII-XbaI fragment of T7BG-X3 (Beckmann et al. 1990 ) with a BglII-XbaI fragment from GAL4K3-A4, containing the )~3 eDNA. The plasmid T713G-;~3&5 was generated by replacing a BglII-XbaI fragment of T7f~G-K3 with a BglII-XbaI fragment from GAL4K3-A5, containing the k3 eDNA. Plasmid T7BG-h3A8 was generated by replacing a BglIIScaI fragment from T7BG-h3 with a BglII-PstI fragment containing the k3 eDNA and a PstI-ScaI fragment from pGem4 (Promega). T7BG-K3A6 and T7f~G-K3 :USF expression DNA fragments were generated by the polymerase chain reaction (PCR). T7BG-K3A6 was PCR-generated by annealing an SP6 primer (Promega) and a primer (T7 PCR primer, see below) carwing, in series, the T7 promoter sequence, 6 nucleotides of the 5'-untranslated region of the B-globin gene, an AUG, and 20 nucleotides corresponding to the X3 eDNA, to a BglII-ScaI fragment containing the k3 eDNA from plasmid T7f3G-K3A4. T7BG-)~3A9, T7BG-)~3A10, and T713G-)~3A12 were generated in PCR reactions containing the T7 primer and primers PL-Stop, P-Stop, and C-Stop, respectively. The first two of these PCR products were cloned as HindIII-XbaI fragments into the plasmid T7[3A-6Sal (Norman et al. 1988 ). T7BG-)~3 : USF-1 (used to synthesize protein BG-)~3 : USF-1) was PCR-generated in several steps involving an overlap extension protocol (Horton et al. 1990 ). First, two separate products were generated using (1) the fE3 primer (see below) and the T7-PCR primer annealed to T7~G-)~3, and (2) the fUSF primer (see below) and an SK primer (Stratagene) annealed to USF 181-310 (kindly provided by P. Gregor and R. Roeder; Gregor et al. 1990 ). Second, these two independently generated products were melted and annealed, and the complementary strands were extended in a single PCR cycle. Finally, this intermediate was annealed to the T7-PCR primer and SK primer. T7~G-)~3 : USF-2L and T713G-k3 :USF-2S {used to synthesize proteins TFE3 : USF-2L and TFE3 : USF-2S) were generated in a similar way. The initial two products were generated by using (1) a combination of either a T7 primer (T7~G-h3 :USF-2L) or a T7 primer (T7f~G -h3 : USF-2S) and primer fE3-2 annealed to T7BG-)~3 and (2) the fUSF-2 primer and an SK primer annealed to USF 181-310. The final PCR products were used directly for in vitro transcription and translation reactions. In constructing the expression plasmids described above, the following amino acids would be added to those directly encoded the various TFE3 eDNA segments: T7BG-K3A4: T7BG-K3A5: T713G-K3A6: T7~G-X3A8:
Gln-Trp-Lys-Arg-Ser-Pro-Asp-Gln replaces the deleted TFEg-encoded amino acids (between Ile126 and Arg183) and Gly-Asn-Ser-Ser-Ser Arg linked carboxy-terminal to Pro2ss
Synthetic oligonucleotides
The oligonucleotides listed in Table 1 were synthesized by the University of Pennsylvania Cancer Center and by the Howard Hughes Medical Institute, respectively.
In vitro transcription and translation reactions
In vitro transcription and translation reactions were carried out as described previously (Beckmann et al. 1990 
Chemical cross-linking
In vitro-generated [3SS]methionine-labeled proteins were diluted 1 : 10 in buffer R [0.1 M KC1, 20 mM HEPES (pH 7.9), 20% glycerol, 0.2 mM EDTA, 0.5 mM DTT]. Glutaraldehyde (diluted in buffer R) was added to 1 ~L1 of protein at the concentrations indicated in the legend to Figure 2 . Cross-linking reactions (10 ~1 final volume) were carried out for 1 hr at room temperature. The reactions were quenched with 200 mM lysine, and the products were analyzed on a 12.5% acrylamide-SDS gel.
TransfectJons and CA Tase assays
Transfection of mouse NIH/3T3 cells and CATase assays, normalized to relative transfection efficiencies by ~-galactosidase Cold Spring Harbor Laboratory Press on November 6, 2017 -Published by genesdev.cshlp.org Downloaded from expression, were carried out as described previously (Beckmann et al. 1990 ).
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